Because of technique difficulties in achieving the extreme high-pressure and high-temperature (HPHT) simultaneously, direct observation of the structures of carbon at extreme HPHT conditions has not been possible. Banhart and Ajayan discovered remarkably that carbon onions can act as nanoscopic pressure cells to generate high pressures. By heating carbon onions to ∼700°C and under electron beam irradiation, the graphite-to-diamond transformation was observed in situ by transmission electron microscopy (TEM). However, the highest achievable temperature in a TEM heating holder is less than 1000°C. Here we report that, by using carbon nanotubes as heaters and carbon onions as high-pressure cells, temperatures higher than 2000°C and pressures higher than 40 GPa were achieved simultaneously in carbon onions. At such HPHT conditions and facilitated by electron beam irradiation, the diamond formed in the carbon onion cores frequently changed its shape, size, orientation, and internal structure and moved like a fluid, implying that it was in a quasimelting state. The fluctuation between the solid phase of diamond and the fluid/amorphous phase of diamond-like carbon, and the changes of the shape, size, and orientation of the solid diamond, were attributed to the dynamic crystallization of diamond crystal from the quasimolten state and the dynamic graphite− diamond phase transformations. Our discovery offers unprecedented opportunities to studying the nanostructures of carbon at extreme conditions in situ and at an atomic scale.
The structure of carbon at extreme high pressures and high temperatures (HPHT), such as whether or not it is molten, [1] [2] [3] [4] [5] [6] is of interest to a wide variety research fields such as physics, 7 astronomy, 8, 9 geology, 10 and materials sciences. 11, 12 The major hurdles in studying the structure of carbon at extreme pressure-temperature regimes lies in the experimental difficulties in achieving the extreme high pressures and high temperatures simultaneously. [13] [14] [15] [16] We found recently that a carbon nanotube can be Joule heated to temperatures higher than 2000°C by passing a high current through it. [17] [18] [19] [20] [21] It was also discovered previously that carbon onions 22, 23 and carbon nanotubes can be used as high-pressure cells to generate high pressures. 13, [24] [25] [26] The question then arises: can we generate high pressures and high temperatures simultaneously by using carbon nanotubes as heaters and carbon onions as pressure cells?
Here we report that, by using carbon nanotubes as heaters and carbon onions as high-pressure cells, temperatures of ∼2000°C and pressures higher than 40 GPa were achieved in carbon onions, which led to the quasimelting of diamond and dynamic graphite-diamond transformations. Carbon onions usually coexist with nanotubes produced by arcdischarge, and these carbon onions are frequently attached to the nanotube surfaces by Van der Waals force. A twoterminal connection was made to individual nanotubes by using a Nanofactory transmission electron microscopyscanning tunneling microscopy (TEM-STM) platform. [17] [18] [19] [20] [21] Once a connection was made, we then ran a high current through the nanotubes to heat the nanotubes and onions to high temperatures. From the melting and evaporation of highmelting-point ceramics, the graphitization of the nanotube walls, and the blackbody radiation spectroscopy, 27 it was proved that a temperature of ∼2000°C was reached in the nanotubes and carbon onions. [17] [18] [19] [20] [21] We then focused the e-beam to a current density of above 200 A/cm 2 on the carbon onions.
Under e-beam irradiation and at high temperatures, the hollow carbon onions (Figures 1a, 2a) continuously shrank until the inner hollows disappeared (Figures 1b, 2b) . As the onion shrank, the inner shells were squeezed to an elongated (Figure 1b) or even a completely flattened shape (see, e.g., the innermost shell in Figure 2b ). In the meantime, the overall shape of the carbon onions changed from polyhedral ( Figure 2b ), respectively. The increase of the number of shells was duo to the growth of new shells from the inner shells but not from the outer surface. The radiation process induced knock-on displacements, collision cascades, and flux of carbon atoms toward the core, resulting in an increase of carbon atoms in the inner shells. At high temperatures, the atoms in the inner shells rearranged to form new shells. On the contrary, the outer shells were usually peeled off due to the sublimation of carbon atoms, a process similar to the peeling off of walls from a multiwalled carbon nanotube (MWCNT). 18, [28] [29] [30] With shrinking of the onion, the lattice spacing between the shells was reduced continuously from 0.34 to 0.27 nm. The smallest spacing was measured to be 0.27 nm before a diamond was nucleated. According to the lattice spacing versus pressure plot, a pressure much higher than 40 GPa is required to compress the c-axis spacing of graphite to 0.27 nm. 31 Once the diamond was nucleated, it frequently changed its shape, size, and orientation ( (Figures 1c-e, 3b, 3d ), the two sets of {111} planes were clearly identified, and the lattice spacing was measured to be 0.2 nm and the angle between the two sets of {111} planes was measured to be 70.5°, which match excellently with that of the diamond. Fast Fourier transformation (FFT) of the two-dimensional lattice images (e.g., framed area in Figure 1c ) indicated that the electron diffraction pattern (inset in Figure 1c ) is consistent with that of diamond. We have also conducted energy dispersive X-ray spectroscopy analysis, and carbon was the only element presented in the onion. These analyses confirmed conclusively that the condensed phase formed in the onion core was diamond.
As the number of the shells in the onion was decreased due to the sublimation of carbon atoms from the onion surfaces, the pressure in the onion was reduced but the temperatures remained at ∼2000°C. At high temperatures and ambient pressure, the diamond crystals were converted back to carbon onions (Figures 2d,e, 3e,f, Movie M2). We attempted to cut off part of the shells in the onion (Figure 2c ) to see whether or not we could release the diamond core, but the onion slipped out (Figure 2d ) before we could complete the cutting.
The quasimelting of diamond is well demonstrated in Figure 3 (Movie M2). The diamond crystal with a diameter of about 5 nm moved rapidly like a fluid, and occasionally lattice fringes or lattice images were detected. The diamond changed from a polycrystal (Figure 3a) to a multiple-twinned crystal (Figure 3b ) to a single crystal (Figure 3c ) to a twinned crystal again (Figure 3d ) to a small single crystal (Figure 3e ) and finally to a carbon onion (Figure 3f) . The fluidlike motion of the diamond crystal implied that the diamond was in a quasimelting state. The observation of the lattice fringes or images was due to the dynamic crystallization of diamond from the quasimolten state. We also observed reversible graphite and diamond transformation in the diamond-graphite interfaces (Figure 4) . In this case, the graphite {0002} planes were converted to the diamond {111} planes and vice versa (Figure 4d-f) .
Similar quasimelting behavior was observed in Au nanoparticles with free surfaces and with sizes less than 5 nm. [32] [33] [34] [35] It was suggested that the state of such small nanoparticles should be called "quasisolid state," which is neither solid nor liquid. 35 The quasimelting of Au nanoparticles was attributed to the high energetic e-beam irradiation 35 or due to local heating induced by the e-beam. 33 The quasimelting of diamond cannot be explained by e-beam irradiation alone because, after cooling to room temperatures, the diamond was retained but its motion was stopped. The quasimelting behavior persisted even at a reduced e-beam dose, say at a regular image condition (∼20 A/cm 2 ), although the initial nucleation of diamonds required higher e-beam dose. We conclude that the source of the fluctuation between the solid diamond and the fluid diamond-like carbon was due to the diamond crystal crystallized from the quasimolten state and due to the dynamic graphite-diamond phase transformations induced primarily by the high temperatures in the nanotubes, although the quasimelting is facilitated by the e-beam irradiation.
We have the following convincing evidence showing that the temperature is over 2000°C in the MWCNT at high bias voltages.
Evaporation of Al 2 O 3 Nanoparticles Attached to a MWCNT.
For temperature diagnostic purposes, we deposited Al 2 O 3 nanoparticles on the surface of the nanotube walls ( Figure 2 in ref 21) . When increasing the bias to 1.2 V, the catalyst Fe particle inside the MWCNT was melted and then flowed to the contact area; increasing the bias to 1.7 V caused melting of the Al 2 O 3 nanoparticle, which was completely evaporated upon further increasing the bias voltage to 1.9 V. The melting temperature of bulk Fe is 1540°C and that of bulk Al 2 O 3 is ∼2015°C. The melting temperature of the Al 2 O 3 nanoparticles (∼20 nm) should be similar to its bulk counterparts because size effect becomes significant only when the particle size is less than 10 nm. 36 The sequential melting of Fe and Al 2 O 3 (first Fe and then Al 2 O 3 ) clearly indicated that the temperature was increased when the bias voltages were ramped up. 21 2. Graphitization of Amorphous Carbon (a-C). It was found occasionally that the nanotube surface was coated with a-C ( Figure S1a, Supporting Information) . With increasing bias voltage to 2 V, the initial a-C crystallized into turbostratic graphite ( Figure S1b, Supporting Information) , which reorganized into highly ordered nanotube walls upon further increasing of the bias voltage to 3 V ( Figure S1c , Supporting Information). Temperature-controlled annealing of the amorphous carbon nanotube indicated that a temperature above 2000°C was required to obtain highly ordered graphitic nanotube walls. 37 Furthermore, perfect graphitization requires temperatures close to 3000°C. 38 The crystallization of a-C to highly graphitized nanotube walls ( Figure S1 ) at high bias voltages indicated that the temperature in the nanotube must be higher than 2000°C.
3. Black Body Radiation. 27 When a high bias voltage is applied to a MWCNT, the MWCNT emits light through a black body radiation. Experiments showed that the radiation spectra were fitted excellently with a temperature of above 2000°C at high bias voltages. 27 Our experimental condition is very similar to that in ref 27 . Therefore it is concluded that the temperature in our MWCNT is higher than 2000°C at high bias voltages.
The diamond melting line in the phase diagram of carbon is not clear. But according to an earlier phase diagram, 2,4,39 diamond can be melted at 2000°C and ∼50 GPa, and such a pressure and temperature is very close to that in our experiments. Furthermore, because of the high-energy ebeam radiation, the melting temperature of diamond could be reduced to much lower temperatures. Indeed, the onion to diamond transformation was observed at ∼700°C, 13, 24 which is much less than that in a conventional HPHT experiments without e-beam radiation in which a temperature higher than 2000°C and a pressure of above 10 GPa are needed to convert graphite to diamond. 2 In addition to the e-beam irradiation, the small grain size (<10 nm) might also contribute to the reduced melting temperature of diamond. But the main reason for the quasimelting of diamond is the high temperatures in the nanotubes because the quasimelting phenomenon disappeared when no voltage was applied to the nanotubes.
The extreme high temperatures required for melting diamond and graphite excludes any direct observation of the liquid phase thus far. The use of carbon nanotubes as heaters and carbon onions as high-pressure cells, combined with high-energy e-beam radiation, open new avenues to study the carbon phases at extreme pressure-temperature regimes in situ and at an atomic scale. Such studies may provide critical information regarding the carbon phases at extreme conditions, which is much needed in the fields such as condensed matter physics, 7 geology, 8, 9 astronomy, 10 and materials sciences. 11, 12 For example, we may be able to answer the fundamental question as to whether or not diamond or graphite melt under extreme conditions, [1] [2] [3] [4] [5] [6] which has important implications for studying the dynamics of the earth's mantle because the carbon in the lower mantle of the earth may be in a liquid form. ordered nanotube walls when the bias voltages were ramped up in the nanotube. Movies of quasimelting of diamond at voltages applied to the nanotube of 2.5 and 2.55 V (QT and MPG). This material is available free of charge via the Internet at http://pubs.acs.org.
